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We study a simple model where color sextet scalars violate baryon number at tree level but do not give rise to
proton decay. In particular, we include one light and two heavy sextets with ∆B = 2 baryon number violating
interactions that induce neutron anti-neutron oscillations. This setup also suggests an intimate connection to
the generation of the observed baryon asymmetry in the Universe via the out of equilibrium decay of the heavy
sextet scalars at around 1014 GeV. The large SU(3)-color charges of the scalar fields involved in generating the
baryon asymmetry motivate us to study potentially significant washout effects. We numerically solve a set of
Boltzmann evolution equations and find restrictions on the available model parameters imposed by successful
high scale baryogenesis. Combining our new numerical results for baryogenesis with nn¯-oscillation predictions
and collider limits on the light sextet, we identify parameter regions where this model can be probed by current
and future experiments.
I. INTRODUCTION
The origin of the baryon asymmetry in the Universe (BAU)
is one of the major open puzzles not solved within the Stan-
dard Model of particle physics. Over the years, a wide range
of models and mechanisms to generate the observed baryon
asymmetry have been suggested. Electroweak baryogenesis
[1], baryogenesis via leptogenesis [2], the Affleck-Dine mech-
anism [3] and GUT-baryogenesis [4] are some of the most
common representatives. For a comprehensive review, we
encourage the reader to consult e.g. [5] and references therein.
In 1967, Sakharov [6] formulated three necessary ingre-
dients for successful baryogenesis: 1) CP-violation, 2)
baryon number violation and 3) the deviation from thermal
equilibrium. Perturbatively, the Standard Model preserves
baryon-number, but this accidental global symmetry is
anomalous at the quantum level. In principle, the Standard
Model contains all required ingredients to generate a baryon
asymmetry. However it was shown that the attainable
asymmetry is inconsistent with observation [7]. Beyond
the Standard Model there are a variety of well motivated
extensions (e.g.[8–10]) that introduce new interactions which
violate baryon number classically. Generically, this leads
to proton decay which is tightly constrained by experiment
[11]. In this article, we discuss a minimal model, suggested
in [12], that violates baryon number in such a way that the
proton decay channel is absent and nn¯-oscillations become
the primary signal of baryon number violating physics. In
particular, we consider the situation where one light (X1)
and one heavy (X2) color sextet scalar field mediate these
interactions.
One attractive feature of this scenario is the possibility
to integrate our simplified model into a complete non-
supersymmetric grand unified theory in the spirit of Ref. [13].
∗ email: eherrmann@caltech.edu
There, one of the color sextets is kept at the TeV-scale to
ensure gauge coupling unification.
Building on the discussions in Refs. [12, 13] we show
that the model is able to accommodate successful high-scale
baryogenesis as well as nn¯-oscillations with discovery
potential at the European Spallation Source (ESS)1 [14].
However the preferred parameter regions for the two effects
are in some tension (c.f. results in Sec. III C and Sec. IV). We
perform a detailed analysis of the baryogenesis setup beyond
the approximate decay scenarios assumed in the literature
[12, 13] by numerically solving the Boltzmann equations
to track the relevant particle densities in the early Universe.
This way, we correctly take into account potentially large
washout contributions due to the sizable color charge of the
new scalars. We also consider collider limits on new colored
particles from LHC-searches that have been analyzed for
color sextets in Ref. [15].
The remainder of this note is structured as follows: In
section II we introduce the field content and the parameters
of our model which are relevant for the discussion of baryo-
genesis and nn¯-oscillations. In section III we rehash some
facts about baryogenesis before writing down the Boltzmann
equations in subsection III A. We also compute the relevant
scattering- and decay-rates that feed into these equations.
Subsequently, we discuss nn¯-oscillations in section IV and
show how to combine this with successful baryogenesis.
This allows us to analyze the the two phenomena in terms of
physically motivated quantities and measurable parameters
only. Additional signals and constraints of our model, such
as collider signatures, contributions to the neutron electric
dipole moment (Sec. V) as well as meson anti-meson mixing
are briefly addressed. A detailed account of our conventions
is deferred to appendix A.
1 http://europeanspallationsource.se/
fundamental-and-particle-physics
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2II. THE MODEL
We study one particular model with baryon-number vi-
olation but no proton decay, originally suggested in [12].
In a similar context, Babu et al. [13] discussed the role of
color sextet scalars for non-supersymmetric gauge-coupling
unification in a complete SO(10)-theory, nn¯-oscillations and
baryogenesis. Extending the analysis in [12, 13], we sharpen
the link between nn¯-oscillations and baryogenesis. For our
purposes, we focus on a simplified model with three additional
scalars. The relevant degrees of freedom and their respective
charges under GSM = SU(3)c×SU(2)L×U(1)Y summarized
in table I. The part of the color sextet Lagrangian relevant for
Field SU(3)c SU(2)L U(1)Y
X1 6¯ 1 -1/3
X2 6¯ 1 2/3
X˜2 6¯ 1 2/3
QL 3 2 1/6
uR 3 1 2/3
dR 3 1 -1/3
TABLE I. Field content and respective representation under the Stan-
dard Model gauge group. QL represents a left-handed quark doublet
and uR, dR are the right handed up- and down-type quarks.
baryogenesis and nn¯-oscillations takes the form2:
Lsextet ⊃−gab1 Xαβ1 (QaLαεQbLβ)−gab2 Xαβ2 (daRαdbRβ)
−g′ab1 Xαβ1 (uaRαdbRβ)+λXαα
′
1 X
ββ′
1 X
γγ′
2 εαβγεα′β′γ′ (1)
In eq.(1), letters a,b, etc. denote the flavor structure, whereas
greek letters α,β, · · · represent SU(3)-color indices. Note that
integrating out X2, which we assume to be heavy, would gen-
erate a quartic coupling for X1. This leads us to expect that the
dimensionful coupling λ is of order M2, the mass of X2.
Scalar sextets are represented as symmetric 3×3-matrices in
color space,
(Xαβ) =
1√
2

√
2X˜11 X˜12 X˜13
X˜12
√
2X˜22 X˜23
X˜13 X˜23
√
2X˜33
 . (2)
Group theoretic details and color-flow Feynman rules for
color sextets are given in the appendices of Refs. [16, 17].
As written above, our model contains a vast number of free
parameters. In the following, we restrict our discussion
to the case, where the color sextet scalars only couple to
the first generation of quarks. This reduces the number of
Yukawa-couplings considerably. In order to generate a baryon
2 We do not display the complete scalar potential nor parts of the Lagrangian
involving the X˜2 field, required to generate CP-violation. In terms of an
SO(10)-symmetric GUT-model there can be relations between different
Yukawa couplings [13].
asymmetry via X2-decays (c.f. Feynman diagrams in fig.1),
we have to introduce a second heavy sextet, X˜2 with a La-
grangian analogous to eq.1 and couplings denoted by tildes. In
Ref. [12] it was shown that even when X2 and X˜2 couple to one
generation of quarks only, it is impossible to remove all CP-
violating phases of the model by field redefinitions. The pres-
ence of CP-violation allows us to satisfy one of Sakharov’s
criteria so that X2-decays prefer matter over anti-matter. We
will comment on the exact form and the relevant size of the
CP-violating parameter later.
For the color sextets, we neglect all interactions in the
scalar potential besides the cubic λ, λ˜-terms. We choose λ, λ˜
to be real and move the phases to the Yukawa-couplings
g2 and g˜2. In the discussion on nn¯-oscillations, we also
neglect g1, the coupling of X1 to the left-handed quarks,
so that we are left with the following set of parameters
{M1,M2,M˜2,g2, g˜2,λ, λ˜,g′1}.
III. BARYOGENESIS
As discussed in the introduction, Sakharov [6] formulated
three conditions for successful baryogenesis which we will
discuss in the context of our model.
The standard assumption [18] of a baryon-symmetric big bang
and the observational fact that there is more matter than anti-
matter in the present Universe requires that baryon number
has to be violated [6]. This is Sakharov’s second condition.
Nonperturbativly, the Standard Model has a source of baryon
number violation in the form of instanton interactions [19, 20],
which play a role in several baryogenesis scenarios, c.f. e.g.
[1, 5]. However, we focus on a model that explicitly breaks B
(and thereby also (B−L)) at tree level.
From the Lagrangian (1), it is easy to understand how this
breaking takes place in our model. We envision a situation
where one of the color sextets, X1, is much lighter3 then the
other two, X2 and X˜2. For the purpose of baryogenesis, we will
treat X1 as a stable particle (g1,g′1 1). Its interactions with
quarks dictate that X1 has baryon number−2/3 and eventually
decays hadronically. Looking at the g2X2dRdR-term in eq.(1),
we would also assign baryon number −2/3 to X2, which
makes it impossible to consistently assign baryon number in
the λX1X1X2-term so that B is violated by X2-interactions.
We use a standard out of equilibrium decay of the heavy X2-
scalars to satisfy Sakharov’s last condition. In an expand-
ing Universe, processes go out of equilibrium (freeze out),
when their rate is small compared to the expansion rate dic-
tated by the Hubble parameter H. High scale baryogenesis
scenarios became somewhat unfashionable when people real-
ized the tension between high reheating temperatures required
for these models and predictions within simple inflationary
3 An additional light fundamental scalar aggravates the fine-tuning prob-
lem of the Standard Model which we do not address here. In the GUT-
framework suggested in Ref.[13] it is preferred to have a light sextet to
help with gauge coupling unification.
3frameworks [5]. However, if one takes into account a mech-
anism termed preheating [21], GUT-scale reheating tempera-
tures can be achieved.
A. Boltzmann equations
Boltzmann equations are a standard tool to accurately
study the evolution of distribution functions and number
densities in the early Universe. This is particularly important
in parameter regions where simplified assumptions of a
free evolution fail. In our model, the fields involved in
the generation of the baryon asymmetry have a large color
charge under the strong interaction which can lead to sizable
reaction rates in comparison to the Hubble parameter. In
order to explore the relation of successful baryogenesis and
visible nn¯-oscillations reliably, we solve a coupled system of
Boltzmann equations for the abundance of X2 and the light
species d, X1 numerically.
In the following we list the relevant rate equations for
our color sextet model. Notational details and definitions
are deferred to appendix A. Our discussion of Boltzmann
equations follows closely the expositions in Refs.[4, 22–24]
including subtleties involving the real intermediate state (RIS)
subtraction to avoid an overcounting of 2 → 2-scattering
contributions. In our calculation we work to lowest order
and do not take finite temperature effects for propagators and
coupling constants into account. For a discussion on finite
temperature effects in the context of thermal leptogenesis, see
[22].
For simplicity, we assume λ/M2, λ˜/M2  g2, g˜2 so that the
dominant contributions to baryon number violating X2-decays
are given in the top line of figure 1. The relevant decay rates
FIG. 1. Top: Baryon number violating ∆B = 2 decays of X2 at tree
and one-loop level.
Bottom: We neglect a diagram with X1 running in the loop, which
is suppressed for λ/M2, λ˜/M2 g2, g˜2. Tree level 2→ 2-scattering
processes between gluons and X2s which could contribute to washout
effects, by keeping X2 in equilibrium, are taken into account.
and scattering cross sections are given by4:
Γ(X2→ dd) =M2|g2|
2
16pi
, (3)
Γ(X2→ X¯1X¯1) = 3λ8piM2
λ− λ˜ M22 ℑ
[
g†2g˜2
]
4pi(M22− M˜22)
 , (4)
Γ(X¯2→ X1X1) = 3λ8piM2
λ+ λ˜ M22 ℑ
[
g†2g˜2
]
4pi(M22− M˜22)
 , (5)
σ(gg→ X2X¯2) =piα
2
s
s2
2C(2)6d6
d28
×[
1
6
β[6C(2)6(4M22 + s)+C(2)8(10M
2
2− s)]
−4M
2
2
s
[C(2)8M22 +C(2)6(s−2M22)] ln
1+β
1−β
]
,
where β =
√
1− 4M22s . The group theory constants are given
in tab. II.
R=ˆdR 3 6 8
CR 1/2 5/2 3
C(2)R 4/3 10/3 3
TABLE II. Group theory constants for SU(3)-multiplets. dR is the
dimension of the representation R. CR denotes the Dynkin index
Tr[T aR T
b
R ] =CRδ
ab, whereas C(2)R represents the quadratic Casimir
∑aT aR T
a
R =C(2)R1R.
Following our notation of appendix A, we write the Boltz-
mann equation for X2 5:
sH(z)z
dYX2(z)
dz
=− [X2↔ X¯1X¯1]−
[
X2↔ d¯d¯
]
+[gg↔ X2X¯2]
=
[
−YX2
Y eqX2
+1
]
γeqD +
[
−YX2YX¯2
Y eqX2Y
eq
X2
+1
]
γeq(gg→ X2X¯2)
− Y¯X1
Y eqX1
Br γeqD −
Y¯d
Y eqd
(1−Br)γeqD , (6)
and for X¯2:
sH(z)z
dYX¯2(z)
dz
=− [X¯2↔ X1X1]− [X¯2↔ dd]+ [gg↔ X2X¯2]
4 Here we give the results in terms of rates where we averaged over spins and
colors in the initial state and summed over final state quantum numbers.
However, we express the Boltzmann equations in terms of initial and final
state summed rates [22]. The results for the sextet-gluon scattering rate can
also be found in [25, 26].
5 We neglected all terms of order O(ε2) and measure temperatures with re-
spect to M2 by introducing the dimensionless parameter z = M2/T . We
write all rates as thermally averaged quantities γeqi , c.f. App.A.
4=
[
−YX¯2
Y eqX2
+1
]
γeqD +
[
−YX2YX¯2
Y eqX2Y
eq
X2
+1
]
γeq(gg→ X2X¯2)
+
Y¯X1
Y eqX1
Br γeqD +
Y¯d
Y eqd
(1−Br)γeqD . (7)
In eq.(6) we have defined the following quantities:
Y¯X1 ≡YX1 −YX¯1 , (8)
Y¯d ≡Yd−Yd¯ , (9)
ε≡γ
eq(X2→ X¯1X¯1)− γeq(X¯2→ X1X1)
γeq(X2→ X¯1X¯1)+ γeq(X¯2→ X1X1) , (10)
Br ≡ γ
eq(X2→ X¯1X¯1)
γeq(X2→ X¯1X¯1)+ γeq(X2→ d¯d¯)
, (11)
γeqD ≡γeq(X2→ X¯1X¯1)+ γeq(X2→ d¯d¯). (12)
Note that Y¯d,X1 is zero in thermal equilibrium, so that all source
terms in the Boltzmann equation vanish and the particle num-
ber for X2 does not change in co-moving coordinates as ex-
pected. Throughout this work, we measure temperatures with
respect to M2 and define the dimensionless variable z=M2/T .
Assuming that X2 decays only into X1 and d, we have addi-
tional relations between the decay rates:
γeq(X2→ d¯d¯)
γeqD
=1−Br, (13)
γeq(X¯2→ X1X1)
γeqD
=
1− ε
1+ ε
Br, (14)
γeq(X¯2→ dd)
γeqD
=1− 1− ε
1+ ε
Br. (15)
In order not to overestimate washout effects, we need to take
into account real intermediate state subtraction (RIS) for the
light species [22–24]. The Boltzmann equations for the asym-
metry of the light particles Y¯X1 = YX1 −YX¯1 and Y¯d = Yd −Yd¯
are expressed in terms of unsubtracted quantities only.
zHs
dY¯X1
dz
=−2
[
YX2 −YX¯2
Y eqX2
Br γeqD +
(
YX¯2
Y eqX2
−1
)
ε Br γeqD
]
+4
[(
1+
Y¯d
Y eqd
)
γeq(dd→ X1X1)−
(
1+
Y¯X1
Y eqX1
)
γeq(X1X1→ dd)
− Y¯X1
Y eqX1
Br2γeqD −
Y¯d
Y eqd
(1−Br)Br γeqD
]
(16)
zHs
dY¯d
dz
=−2
[
YX2 −YX¯2
Y eqX2
(1−Br) γeqD −
(
YX¯2
Y eqX2
−1
)
ε Br γeqD
]
−4
[(
1+
Y¯d
Y eqd
)
γeq(dd→ X1X1)−
(
1+
Y¯X1
Y eqX1
)
γeq(X1X1→ dd)
+
Y¯X1
Y eqX1
(1−Br)Br γeqD +
Y¯d
Y eqd
(1−Br)2 γeqD
]
(17)
To obtain the total baryon yield we have to combine the con-
tributions from X1 and d,
YB =
1
3
Y¯d− 23Y¯X1 . (18)
Before embarking on a numerical study of the Boltzmann evo-
lution equations for the baryon asymmetry we wish to give a
qualitative picture of our model by investigating various limits
of the parameter space. An example of the relevant reaction
rates that enter the Boltzmann equations is shown in fig. 2.
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FIG. 2. For one representative parameter point, we show the rel-
evant decay (ΓX2 ), inverse decay (ΓIDX2 ) and scattering rates that
enter into the Boltzmann equations. We chose M2 = 1014 GeV,
λ = 3.5× 10−2M2 and |g2|2 = 8.4× 10−2. Gluon scattering is not
important and the dominant washout contribution comes from in-
verse decays that are active up to z=5-10. Varying these parameters
can shift the relevant rates with respect to the Hubble parameter H(z).
The quantitative behavior of these rates is well understood and
can be found in standard textbooks on cosmology (c.f. e.g.
[18]). For the sake of brevity, we will not repeat the discus-
sion here with two exceptions. First, due to the large color
charge of X2, one could think that its strong interactions with
gluons keeps X2 in equilibrium so that no baryon asymmetry
can be generated. We demonstrate that this is generically not
the case. And second, we discuss the decay rates of X2 as they
play a role in our discussions on nn¯-oscillations later.
(a) Gluon interactions: Γgg→X2X¯2 = n
eq
g 〈vσ(gg→ X2X¯2)〉;
We evaluate the thermal average, eq.(A7), numerically
and compare it to the Hubble rate, eq.(A4). This con-
straint only depends on the strong coupling constant αs
and M2, the mass of X2. The numerical results are sum-
marized in fig.3. Analytically, we can estimate the mass
M∗2 for which the two rates are equal at the characteris-
tic temperature T =M2⇔ z = 1 and find M∗2 ∼
α2sMpl
pi2g1/2∗S
.
Using the RGE-evolved strong coupling constant αs at
the high scale, we find M∗2 ∼ 1013−14 GeV. Compar-
ing Γgg→X2X¯2 and H only at z = 1, one would conclude
that gluon scattering keeps X2 in thermal equilibrium
for masses M2 <M∗2 because n
eq
g 〈σv〉
∣∣
z=1 ∼M2 and the
Hubble rate falls as H ∼ M22 at z = 1. However, this
does not take into account the exponential Boltzmann
5suppression once the temperature falls below the M2-
threshold. In that case only gluons in the high energy
tail of the distribution have sufficient energy to pair pro-
duce the X2. In the reverse process, the rate is propor-
tional to the number density of X2 which also follows a
Boltzmann distribution for T <M2. An example of this
behavior can be seen in fig. 2. Only for low masses M2
is it possible that the gluon interactions keep X2 in equi-
librium in a reasonable temperature range (1. z. 10)
so that the generation of baryon asymmetry is inhibited,
c.f. fig.3.
(b) Decays: 〈Γ(X2 → X¯1X¯1; d¯d¯)〉; For this discussion it
is useful to combine the two tree level decay channels
of X2, eq.(3) and eq.(4) into the total decay rate. As
discussed before, λ is dimensionful and should be of
order λ ∼ M2 which is why we introduce the dimen-
sionless coupling λ¯ = λ/M2. Parameterizing the total
decay rate in terms of an effective interaction strength
ΓX2 =
1
4M2αeff, where
αeff =
|g2|2+6λ¯2
4pi
, (19)
we obtain the out of equilibrium relation
αeff < 1.66×g1/2∗S M2/Mpl . (20)
The requirement for the decay rates to satisfy the out of equi-
librium conditions are not entirely sharp. In Ref.[18] an ap-
proximate analytic analysis of washout effects due to inverse
decay processes and 2→ 2-scattering processes can be found.
If we introduce the ratio K = 〈ΓX2〉|z=1 /2H(1) by which
the out of equilibrium conditions are violated, one has to in-
clude a damping factor for the free out of equilibrium result
Y freeB = 2εBr/g∗S, so that [18]
Y impB ≈ Y freeB ×
0.3
K(lnK)0.6
, if K > 1 . (21)
For very large K, when baryon number violating 2 → 2-
scatterings are important, the washout factor decreases the fi-
nal baryon asymmetry exponentially[18]. We visualize the in-
teresting parameter region for baryogenesis by comparing the
Hubble rate H(z= 1) with the relevant annihilation cross sec-
tion neqX2〈vσ(gg→ X2X¯2)〉 as well as thermally averaged decay
rate6 〈ΓX2〉= K1(z)K2(z)ΓX2 in the M2-αeff-plane in fig. 3. The main
focus in the following paragraphs lies in a numerical treatment
of the Boltzmann equations to correctly take washout effects
into account beyond the analytical approximations. This also
highlights the fact that not all parameters that give a correct
baryon yield in the free out of equilibrium approximation,
YB = 2 εBrg∗S , are viable. In our treatment, we improve previ-
ous discussions of high scale baryogenesis within the color
sextet model found in Refs. [12, 13].
6 Ki(z) denote the modified Bessel functions.
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FIG. 3. Estimate of allowed mass range and coupling strength for X2
from baryogenesis considerations.
Contours indicate 〈ΓX2〉|z=1 = H(z = 1) and Γgg→X2X¯2 ≡
neqg 〈vσ(gg→ X2X¯2)〉
∣∣
z=z∗ = H(z
∗ = 1,5,10), where the thermally
averaged reaction rates equal the Hubble rate. The red region rep-
resents parameter points where the X2-decay rate is dominant. The
effective decay strength αeff is related to our model parameters via
eq. 19.
B. Reducing number of model parameters
Our model in its general form has a large number of free
parameters. In addition to the coupling constants, we have
the masses of the
(∼)
X 2-fields,
(∼)
M2 (treating the quarks and X1
massless for the purpose of baryogenesis).
Exploring the full parameter range of the model including
all phases is a formidable task which is beyond the scope of
this work. In the one-family limit described in Sec. II, our
model does not contribute new sources to meson- anti-meson
mixing. Even if we relaxed this assumption, the large X2-mass
helps to satisfy the limits from K0K¯(0)-mixing for example.
The relevant parameters for baryogenesis are the CP-
violating parameter ε, eq.(10), and the branching fraction Br,
eq.(11) which reduce to 7:
ε=
λ˜
λ
1
4pi
M22 ℑ
[
g†2g˜2
]
M˜22−M22
, (22)
Br =
3λ¯2
1
2 |g2|2+3λ¯2
. (23)
We combine the phase ℑ
[
g†2g˜2
]
, the mass ratio of the heavy
sextets and the ratio of the trilinear couplings into a single
effective CP-violating parameter ε. Within this simplified
framework, we ask which model parameters give a baryon
7 Instead of the phase ℑ
[
g†2g˜2
]
and the mass ratio M˜22/M
2
2 , we mostly work
with the effective parameter ε that characterizes CP-violation.
6yield YB8 consistent with experiment [28] YB =
nB−nB¯
s =
(8.75±0.23)×10−11. To estimate the range of viable model
parameters, we insert eq.(22) and eq.(23) into the free out of
equilibrium decay result which relates the baryon yield YB to
ε and Br,
Y freeB = 2
εBr
g∗S
=
2
g∗S
ε× 3λ¯
2
1
2 |g2|2+3λ¯2
, (24)
which is essentially independent of M29. This approximation
is valid in parameter regions where all annihilation and de-
cay rates of the baryon number violating X2 are comparably
smaller than Hubble H(z= 1).
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FIG. 4. Parameter region consistent with the experimental value
YB = (8.75± 0.23)× 10−11 using the free out of equilibrium decay
estimate. CP-violation is characterized by a single parameter, ε. The
additional contours indicate where the Hubble rate at z= 1 equals the
decay rates ΓX2→d¯d¯ (horizontal lines) and ΓX2→X¯1X¯1 (vertical lines)
for M2 = 1014 GeV.
C. Numerical Results for Baryon Asymmetry
Following the general considerations and the analytical es-
timates of parameter regions, where baryogenesis is feasible,
we show numerical results for the coupled system of Boltz-
mann equations where a free decay scenario is not applicable.
We verified that our numerical results agree with analytic esti-
mates in the free out of equilibrium decay regime of the model
(large M2, small αeff).
In order to investigate the influence of the decay rate of X2 rel-
ative to the Hubble rate, we increase the cubic scalar coupling
λ together with g2 gradually so that the free out of equilibrium
conditions are not satisfied any more. To make the results
8 The yield YB is related to the commonly quoted baryon to photon ration
[27] η= nB−nB¯nγ = (6.19±0.14)×10−10.
9 M2 and M˜2 are expected to be of the same size, so that we can parameterize
R= M˜2/M2 and the overall scale drops out in ε
comparable, we keep ε and Br constant. Doing so, the free
out of equilibrium calculation tells us that the baryon yield
YB= 2εBr/g∗S remains constant as well. We also compare our
numerical results to the improved analytical solution given in
eq.(21) if applicable. Starting with a parameter point, where
the coupling constants are chosen so that the decay rates are
equal to the Hubble rate,
M2 = 1014GeV, M˜2 = 2 M2,
λ¯2 =
8pi
3
1.66 g1/2∗
M2
Mpl
= (0.034)2, λ˜= λ,
|g2|2 = 16pi 1.66 g1/2∗ M2Mpl = 0.007, ℑ
[
g†2g˜2
]
= 0.1|g2|2,
ε=1.8×10−5, Br = 0.5,
and increasing αeff, eq.(19), by factors of 10 corresponds to a
violation of one of Sakharov’s conditions [6]. As expected, for
large K = 〈ΓX2〉/2H(1), the net baryon asymmetry decreases
considerably. For fig.5, we keep ε, Br and M2 fixed, so that
Y freeB =
2εBr
g∗S ≈ 1.8×10−7 is constant.
K= 100
K= 10
K = 1
M2 = 10
14  GeV
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Br = 1/2
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FIG. 5. Numerical result of baryon asymmetry YB for different X2-
decay rates. We adjusted the parameters such that ε and Br remain
constant. Large values of K = ΓX2/2H(z= 1) keep X2 in equilibrium
longer which leads to washout effects at large z.
K Y freeB Y
imp
B Y
num
B
1 1.8×10−7 − 9.9×10−9
10 1.8×10−7 3.2×10−9 4.3×10−10
100 1.8×10−7 9.7×10−11 5.9×10−12
TABLE III. Comparison between free out of equilibrium (Y freeB ),
washout improved analytical (Y impB , eq.(21)) and numerical (Y
num
B )
results for the baryon asymmetry.
Note that the results in tab.III show that our numerical results
can vary up to a factor of ten from the washout corrected ana-
lytic results Y impB , eq.(21). We also increased theCP-violating
parameter ε and found roughly linear dependence. The same
is true when the branching fraction Br is varied. In fact, our
model reproduces all aspects of the high scale toy model for
baryogenesis discussed in Ref. [4].
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FIG. 6. Comparing numerical results for the baryon asymmetry for
different K and ε, keeping M2 = 1014 GeV fixed. We find excellent
agreement with the expectations of Ref. [4].
IV. nn¯-OSCILLATIONS
FIG. 7. Contribution to nn¯-oscillations via ∆B= 2 process involving
the scalar sextet fields.
Neutron anti-neutron oscillation experiments can directly
probe the structure of baryon number violation [29, 30].
In comparison to proton decay experiments which probe
∆B = 1,∆L odd-modes (e.g. p→ e+pi0), nn¯-oscillations are
intimately related to ∆B = 2 processes. Future experiments
such as the European Spallation Source (ESS) could push the
bounds on this mode of matter instability to τ ≈ 1036 years10
exceeding current limits on the proton lifetime τp> 8.2×1033
years [11]. A number of models that predict nn¯-oscillations
have been considered in the past, c.f. e.g. [12, 13, 31–33].
The fact that nn¯-oscillations require baryon number violation
suggests that the underlying dynamics of these low energy
processes can be linked to baryogenesis as pointed out by
Kuzmin [31] and others. In the presence of a TeV-scale
colored scalar, nn¯-oscillation experiments can probe energy
scales up to 1015-16 GeV [12], which we take to be the scale
of baryon number violating interactions via X2-decays. Light
color sextet scalars, such as X1 (M1 ∼few TeV), can be
present in non-supersymmetric SO(10)-models that lead to
gauge coupling unification as described in detail in [13].
In the previous section we focused on a careful treatment of
baryogenesis by solving Boltzmann equations numerically.
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Here we are going to relate these results to the discovery
potential of nn¯-oscillations in present and future experiments.
Neutron-anti-neutron oscillation experiments are sensi-
tive to the transition matrix element ∆m = 〈n¯|Heff|n〉. The
effective low energy Hamiltonian Heff for nn¯-transitions in
our model is given in Ref. [12]11. Neglecting the Yukawa-
coupling to left-handed quarks, g1, ∆m is characterized by
[12]
∆m= 2λβ2
∣∣(g′1)2g2∣∣
3M41M
2
2
, (25)
where β = 0.01GeV3 has been determined in lattice gauge
theory [34]. The current limit on nn¯-oscillations is given by
[35] ∆m < 2× 10−33 GeV and could be improved by a few
orders of magnitude in suggested future experiments12.
If we restrict ourselves to the one-family scenario, we
can express ∆m in terms of the decay rates by substituting λ
and g2.
∆m= 2β2
√
128pi2
3
√
Br(1−Br) |g
′
1|2
3M22M
4
1
ΓX2 . (26)
For successful baryogenesis, the X2s have to decay out of
equilibrium. This is only possible if the K = ΓX2/2H(z =
1)-factor as defined in the previous section is not larger
than O(100) for a CP-violating parameter ε ≈ 10−5. Tak-
ing this into account, we can relate successful baryogen-
esis to nn¯-oscillations by setting ΓX2 < K × H(1) = K ×
1.66 g1/2∗S M
2
2/Mpl . With this substitution M2 drops out of ∆m,
and we get an upper bound on the transition rate:
∆m<
2β2×1.66g1/2∗S
3Mpl
√
128pi2
3
√
Br(1−Br) |g
′
1|2
M41
K. (27)
Written in this form, ∆m is tied to Br and K which directly en-
ter our baryogenesis analysis described above. One is left with
parameters that concern the light sextet X1. This allows us to
consistently combine nn¯-oscillations, baryogenesis and LHC-
phenomenology for our color sextet model. For M1 around
the TeV-scale one can search for signals of this particle at the
LHC. In principle, we might be able to measure its coupling
g′1 to uR, dR-quarks picking out one particular point in fig.8.
We comment on possible collider signals in the next section.
Note that there is some tension between demanding visible
nn¯-oscillations in the future, successful baryogenesis and col-
lider constraints. Even for Br = 1/2, where
√
Br(1−Br) is
maximized, a K-factor of 1 is almost completely excluded.
Increasing K to larger values, it becomes important to take
11 A similar result was obtained in [13]
12 In [36], four orders of magnitude improvements on the free oscillation
probability (corresponds to two orders of magnitude in ∆m) are estimated
for a 1MW spallation target at Project X. The limits for ESS should be at
least comparable.
8washout effects of the baryon asymmetry into account and one
is forced to go beyond the free out of equilibrium decay sce-
nario used in [12].
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FIG. 8. Contourplot of ∆m in the g′1−M1-plane for different val-
ues of K = ΓX2/2H(1) and branching fraction Br of X2. Differ-
ent contours represent values where ∆m as written in eq.(27) is
equal to the expected sensitivity of future nn¯-oscillation experiments,
∆mfut = 10−35 GeV. Note that current limits on nn¯-oscillations can
easily be avoided if the decay rate ΓX2 is small, there is no obstruc-
tion from baryogenesis. If we see nn¯-oscillations in near future ex-
periments, the allowed parameter region is to the upper left of the
contours. We also include collider limits on color sextets from LHC-
dijet searches that have been analyzed in Ref. [15]. The orange coun-
tour represents the simulated limits for color sextet pair production
at the 14 TeV LHC with L = 100 f b−1 integrated luminosity.
V. CONSTRAINTS FROM NEUTRON ELECTRIC DIPOLE
MOMENTS AND COLLIDERS
FIG. 9. Down-quark contribution to the electric dipole moment of
the neutron.
Since our model includes additional sources of CP-
violation, in principle we have to worry about contributions
to quark electric dipole moments (EDMs) coming from dia-
grams such as fig. 9. Using SU(6)-wavefunctions, the quark
EDMs are related to the dipole moment of the neutron dN by,
dN = 43dd − 13du ' 43dd[37]. In the Standard Model, quark
EDMs are first generated at 3-loop [37] and are additionally
suppressed by the GIM-mechanism leading to a prediction for
the neutron-EDM of13 dN = O(10−34) e cm. The current ex-
perimental bound is given in [39], dexpN < 5.5×10−26 e cm.
The tiny Standard Model contributions allow us to estimate
limits for our model parameters. Specifically, we obtain re-
strictions on g′1 from X1 contributions to the down-quark-
EDM via the diagram shown in fig. 9. For a nonzero g1 (so
far we used g1 = 0) in the one generation approximation, the
leading contribution of X1 to the electric dipole moment of the
down-quark is given by[12]:
|dd | ' mu6pi2M21
log
(
M21
m2u
)∣∣ℑ[g1(g′1)∗)]∣∣ e cm. (28)
If we use the QCD scale ΛQCD ≈ 1 GeV instead of mu we
estimate, ∣∣ℑ[g1(g′1)∗)]∣∣. 8×10−3, (29)
for M1 = 2 TeV. Assuming that g1 is comparable to g′1 and
there are no small phases in this sector, eq.(29) suggests,
that g′1 = O(0.1). Comparing this to the parameter region
preferred by baryogenesis and visible nn¯-oscillations points
towards a light M1, c.f. fig. 8.
The production cross sections and decay rates of color
sextet scalars have been studied intensively at tree and
loop level, c.f. e.g.[16, 25, 40–42] and references therein.
Depending on the range of couplings and mass of the sextet,
either single- or pair-production can be dominant. Most of the
work focuses on scalar sextets with Standard Model quantum
numbers Φ ∼ (6,1,4/3) which leads to same-sign top pair
production via an s-channel exchange[40]. However, a ma-
jority of the results such as production cross sections or decay
rates for these scalars can be extended to different quantum
numbers [41]. We are interested in the LHC-phenomenology
of X1 ∼ (6¯,3,−1/3) which couples to uRdR rather than uRuR.
In terms of single scalar production, both cases should be
comparable as the suppression of the down-quark parton
distribution function is compensated by the combinatorics
of the u, d initial state[16]. In our model with X1 in the
(6¯,1,−1/3)-representation, the expected signals entail a
resonance in the invariant dijet mass distribution (single
production) or two equal mass dijets (pair production)[15].
Note that the authors of Ref. [15] obtained limits on the
diquark mass of 1 TeV by simulating L = 100 fb−1 integrated
luminosity for the 14 TeV LHC by considering the pair
production channel from gluons. This analysis is independent
of the unknown sextet Yukawa-couplings and gives the pair
production limit in fig.8.
More interesting for us at this point is the pure dijet
analysis (single production) for a sextet in the (6,1,4/3)SM-
representation in the same article14. As a final result they
13 Taking long distance effects of a six quark operator into account, Ref.[38]
finds dN = O(10−31) e cm.
14 [42] use higher statistics dijet data from ATLAS and CMS to set similar
limits on what we call g1 and g′1 but only consider masses up to 2 TeV.
9show exclusion plots for the coupling of the scalar sextet to
right-handed quarks (uRuR) depending on the mass of the
sextet. Since no special features of the uRuR channel such as
same sign tops were used in their analysis, we convert their
limits to our g′1-M1-plane. In fig. 8 we compared the collider
limits with the estimates of nn¯-oscillations. To reiterate
our conclusion from before; In parameter regions that are
not excluded by LHC-searches it is possible to achieve
visible nn¯-oscillations and successful baryogenesis. However,
washout effects are important and a simple out of equilibrium
calculation for the baryon asymmetry is not applicable.
VI. CONCLUSION
We studied a minimal model that leads to baryon num-
ber violation at tree level but no proton decay. This the-
ory has been suggested in [12] and a similar field content
was studied in connection to non-supersymmetric gauge cou-
pling unification in [13]. The model contains a novel color
sextet scalar at the TeV-scale (X1 ∼ (6¯,1,−1/3)) as well as
two additional scalar sextets at a scale of O(1014−15) TeV
(X2, X˜2 ∼ (6¯,1,2/3)). In this setup, oscillations between
neutrons and anti-neutrons are one of the primary signals of
baryon number violating physics. Since baryon number vio-
lation is also one of the key ingredients to explain baryogen-
esis, it is natural to investigate potential connections between
these two phenomena. With this motivation and the fact that
the sextet scalars have large color charges, we studied a sys-
tem of coupled Boltzmann equations to accurately predict the
evolution of the baryon asymmetry in the early Universe in
regimes where simple analytic results are not available. We
were able to relate nn¯-oscillations to baryogenesis in such a
way that only two high scale parameters Br, the branching ra-
tio of the decay X2→ X¯1X¯1 and the out of equilibrium factor
K = ΓX2/2H(1) enter the analysis. Taking into account col-
lider constraints on the light sextet X1 we demonstrated that, if
we see nn¯-oscillations at future experiments, such as the sug-
gested European Spallation Source (ESS), washout effects for
baryogenesis become important. This is summarized in fig.8.
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Appendix A: Details of Boltzmann equations
In this appendix, we collect a number of well known formu-
las relevant for our Boltzmann equations (6, 7,16,17). Most of
this material is a summary of Refs. [4, 22–24].
In the presence of fast elastic scattering events, the particle
species are kept in kinetic equilibrium. In this regime, the
phase space distribution functions can be approximated by
a Maxwell-Boltzmann distribution. Each particle species is
then characterized by its chemical potential µi or by its to-
tal abundance ni respectively. These quantities can only be
altered by inelastic processes. If these occur fast enough,
chemical equilibrium will be maintained and the number- and
energy-densities follow their equilibrium values neqi and ρ
eq
i
respectively. The phase space integral can be evaluated ex-
actly. For Maxwell-Boltzmann statistics, one finds [4]15:
neqMB =gi
∫ d3p
(2pi)3
f eq(p) =
∫ d3p
(2pi)3
e−(Ei−µi)/T
=gi
∫ d3p
(2pi)3
exp
[
−(
√
~p2+m2i −µi)/T
]
=gi
T 3
2pi2
e−µi/T z2i K2(zi),
where zi = mi/T . The high- and low-temperature expansion
is:
neqMB =

gi
(
mT
2pi
)3/2
e−(m−µ)/T
[
1+
15
8z
+ · · ·
]
, m T
gi
T 3
pi2
eµ/T
[
1− 1
4
z2+ · · ·
]
, m T
(A1)
gi counts the number of internal degrees of freedom of a given
species (e.g. gγ = 2, gglue = 8×2 = 16, etc). In kinetic equi-
librium the phase space density is conveniently parameterized
as
f (p) = f eq(p)
n
neq
. (A2)
Following the notation of [22, 23], the Boltzmann equa-
tion describing the time evolution of abundance nX of some
species X is:
n˙X +3HnX =−∑
a,i, j
∆s [X a · · · ↔ i j · · · ] , (A3)
where the Hubble rate written in terms of z:
H =
a˙
a
=
√
8piρ
3mpl
= 1.66g1/2∗S
T 2
mpl
= 1.66g1/2∗S
m2X
mpl
1
z2
. (A4)
∆s denotes a symmetry factor which depends on the number
of X particles that are created or destroyed in a particular re-
action, e.g. ∆s = 2 for a reaction XX → i j.
In the definition of the Hubble rate, we encounter the effective
number of degrees of freedom g∗S that contribute to the energy
density ρ of the Universe. Since the relevant epoch is radia-
tion dominated, it counts the relativistic degrees of freedom at
a given temperature [18]. The Standard Model field content
15 Results for Fermi-Dirac and Bose-Einstein statistics can be found in the
appendix of [4].
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leads to g∗S = 106.75 above the electroweak phase transition,
but gets modified by new relativistic species that are in ther-
mal equilibrium (in our case this would be the light X1-field
for example).
In eq.(A3) we defined
[X a · · · ↔ i j · · · ]≡ nXna · · ·
neqX n
eq
a · · ·γeq(X a · · · → i j · · ·)
− nin j · · ·
neqi n
eq
j · · ·
γeq(i j · · · → X a · · ·). (A5)
The γeq(ab · · · → cd · · ·) denote thermally averaged reaction
rates for a given process (ab · · · → cd · · ·). In the context of
Boltzmann equations for baryogenesis, one often encounters
the special cases of particle decay and 2→ 2-scattering. The
results for these processes are given by [22–24]16:
γeq(X → i j) =
∫ d3pX
(2pi)32EX
f eqX (pX )
d3pi
(2pi)32Ei
d3p j
(2pi)32E j
×
(2pi)4δ(4)(pX − pi− p j) |M(X → i j)|2
=neqX
K1(z)
K2(z)
ΓX , (A6)
where ΓX is the decay width in the rest system of the parti-
cle summed over all initial and final state spins and colors.
K1(z) and K2(z) denote the Bessel K-functions. Introducing
the Lorentz-invariant measure d˜3p ≡ d3p
(2pi)32Ep
, the thermally
averaged 2-body scattering rate is given by17:
γeq(Xa→ i j) =
∫
d˜3pX
∫
d˜3pa f
eq
X (pX ) f
eq
a (pa)
∫
d˜3pi
∫
d˜3p j×
(2pi)4δ(4)(pX + pa− pi− p j) |M(Xa→ i j)|2
=
T
32pi4
∫ ∞
smin
ds s3/2λ(1,M2x/s,M
2
a/s)σ(s)K1
(√
s
T
)
.
(A7)
σ(s) is the total cross section summed over all initial and
final state spins and colors. λ(a,b,c) = (a− b− c)2 − 4bc
is the usual kinematic function. s denotes the Mandelstam
variable and smin = max[(mX +ma)2,(mi +m j)2] picks out
the threshold energy for a given process.
In order to absorb the dilution of particle species due to
the expansion of the Universe reflected in the Hubble term
3HnX (cf. eq.(A3)), it is convenient to introduce comoving
coordinates, Yi = ni/s, where the entropy density of the
Universe, s, can be expressed as:
s=
2pi2
45
g∗S(T )T 3 =
2pi2
45
g∗S(T )
m3X
z3
, (A8)
with the effective number of degrees of freedom in entropy
g∗S(T ) = ∑
i=bosons
gi
(
Ti
T
)3
+
7
8 ∑i=fermions
gi
(
Ti
T
)3
. (A9)
When all relativistic species are in equilibrium at the same
temperature one obtains g∗S(T ) = g∗. Furthermore, we prefer
to write the Boltzmann equations in terms of z instead of time
t. In these variables the Boltzmann equation (A3) becomes:
zH(z)s(z)
dYX
dz
=−∑
a,i, j
∆s [X a · · · ↔ i j · · · ] . (A10)
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